A label free phosphorescence sensing platform for trypsin was developed employing Mn doped ZnS quantum dots (Mn-ZnS QDs) as the phosphorescence probe. Mn-ZnS QDs can emit strong room temperature phosphorescence. Upon addition of Cytochrome c (Cyt c), a hybrid complex between MnZnS QDs and Cyt c was formed, and consequently, quenched the phosphorescence of Mn-ZnS QDs. In the presence of trypsin, Cyt c was hydrolyzed into small fragments, and accordingly, the quenched phosphorescence of Mn-ZnS QDs went back and high phosphorescence intensity was observed. As such, based on the phosphorescence signal changes of the system, a label free turn-on phosphorescence sensing platform was fabricated. Factors affecting the determination of trypsin including the concentration of Mn-ZnS QDs, reaction time, temperature and pH effect were comprehensively explored. Under the optimal experimental conditions the restored phosphorescence of the sensing system displayed a response for trypsin in the range of 0.88-15.6 mg mL À1 with a detection limit of 42 ng mL À1 . Additionally, the sensing platform was successfully applied for the determination of trypsin in human serum samples with satisfactory recovery.
Introduction
As a member of the proteases, trypsin is an important digestive enzyme.
1 It is secreted by the pancreas in an inactive form, trypsinogen, and plays an irreplaceable role in protein digestion in the small intestine. Trypsin can selectively hydrolyze the Cterminal of arginine and lysine.
2 Abnormal levels of trypsin will cause many diseases such as pancreatitis and meconium ileus.
3 Therefore, the detection of trypsin is quite crucial for both clinical diagnoses and biochemical applications. So far, there are a variety of techniques for the detection of trypsin including the enzyme linked immunosorbent assay (ELISA), 4 gel electrophoresis, 5 mass spectrometry, 6 electrochemical, 2,7 colorimetric 8 and uorometric methods. 3, 9 However, many of these methods are either cumbersome or time-consuming. It is still highly desirable to develop simple strategies for the detection of trypsin.
Much attention has been paid recently to photoluminescencebased methods because of their advantages, such as simple operation, high sensitivity, low cost, wide applicability, along with the multi-signal modes associated with the technique. Various uorescence probes have been used in the detection of trypsin including tetraphenylethene compounds, 10 fullereneuorescein, 11 sodium dodecyl sulfate/protamine/uorescent hydrophobic dye assemblies, 12 Au-peptide-FITC beacon, 13 CdTe quantum dots.
14 Among these probes, quantum dots (QDs) are regarded as excellent optical probe which exhibit size-dependent emission wavelength, great photostability, high photoluminescence efficiency and a broad excitation spectrum over conventional organic uorochrome. 15 In the past two decades the luminescence QDs have attracted considerable attention for the analysis of ions, 16 biomolecules 17 and pharmaceuticals 18 and bioimaging. 19 When different metal ions were introduced into the quantum dots, the optical properties will be improved greatly. As an important class of nanomaterial, Mn doped zinc sulde quantum dots (Mn-ZnS QDs) have draw widely attention in different elds attributing to their low toxicity, stable wide band gap, and strong phosphorescence emission. Recently, Hou et al. developed a series of Mn-ZnS QDs phosphorescence sensing systems for small molecules 20 and proteins 21 by changing the ligands. Using Cytochrome c (Cyt c) as the ligand, they proposed an analyte-activable Mn-doped ZnS QDs phosphorescence sensing, in which the phosphorescence of the Cyt c-capped Mn-doped ZnS QDs was "locked" and it can be activated by trypsin. 22 Herein, we synthesized water soluble Mn-doped ZnS quantum dots using mono-6-SH-b-cyclodextrin as the modier. Our previous research has shown that cyclodextrins coated on the nanoparticle surface still retain the capability of molecular recognition. 23 More importantly, cyclodextrin can provide a site for the enzyme catalyzed reactions. Herein we report a sensitive phosphorescence turn-on method for trypsin activity based on the phosphorescence emission of Mn-ZnS QDs. It is worth mentioning that our assay can get the room temperature phosphorescence signal not requiring tedious deoxidization and protective medium. When negatively charged Mn-ZnS QDs and positively charged Cytochrome c (Cyt c) are mixed, they tend to form a hybrid complex and then the phosphorescence of Mn-ZnS QDs would be quenched. When trypsin is presence, Cyt c can be hydrolyzed into small fragments, subsequently Mn-ZnS QDs can be released from the hybrid complex and the quenched phosphorescence is restored. Based on this, a "turn-on" phosphorescence assay for the sensing of trypsin is developed. Our assay is sensitive, selective and can be applied for the analysis of trypsin in human serum.
Experimental section

Chemicals and regents
All chemicals were of analytical grade and were used without further purication. ZnSO 4 $7H 2 O and Mn(CH 3 COO) 2 $4H 2 O were obtained from Tianjin Chemical Reagent Company (Tianjin, China). Na 2 S$9H 2 O was from Aladdin Chemical Reagent Company (Tianjin, China). Cytochrome c was purchased from Sigma-Aldrich. Trypsin was purchased from Beijing Solarbio Science and technology Co. LTD (Beijing, China). Puried water from a Milli-Q water purication system (Millipore, Bedford, MA) with a resistivity higher than 18.2 MU cm À1 was used to prepare all solutions.
Instrumentation
The absorption was conducted on a TU-1901 UV-vis spectrometer (Beijing Puxi, China). Phosphorescence spectra were performed on a Cary Eclipse uorescence spectrophotometer (Varian, Forest Hill, Victoria, Australia) equipped with a pulsed xenon lamp and a standard 10 Â 10 mm quartz cell.
Synthesis of Mn-ZnS QDs
Mn-ZnS QDs were prepared in aqueous solution by a nucleation doping method based on our previous report. 5 The synthetic procedures were given as follows. Aqueous solutions of ZnSO 4 , Mn(CH 3 COO) 2 and 6-SH-b-CD were added into a 100 mL three neck ask and bubbling with nitrogen for 30 min to remove the air of the solution, then the pH of the system was adjusted to 11.0 with 1.0 mol L À1 NaOH solution. Aerwards, Na 2 S was quickly injected into the solution. The mixture was stirred for 40 min, and then the solution was aged for 2 h at 50 C to form Mn-ZnS QDs. Finally, the resultant Mn-ZnS QDs were centrifuged and washed with pure water and anhydrous ethanol for three times and dried in a vacuum.
Assay procedure for trypsin detection
Trypsin with different concentration was added to 2 mM phosphate buffer solution (pH 8.0) containing 0.38 mM Cyt c and 100 mg mL À1 Mn-ZnS QDs. Then the mixture was incubated at 40 C for 30 min. And then the working solution was transferred into a 10 mm standard quartz cell to record the room temperature phosphorescence spectra or the intensity. The sample was excited at 316 nm and the phosphorescence signal was monitored at 598 nm. The excitation and emission slit widths were both set at 10 nm.
Real sample preparation
The normal and fresh adult human blood samples were provided by Shanxi University Hospital. The serum samples were obtained by centrifuging the fresh blood samples at 3000 rpm for 5 min and diluted 10 times with 20 mM phosphate buffer. The followed detection procedure was similar to that as shown in the aforementioned experiment for trypsin detection.
Results and discussion
Strategy of trypsin sensing system
The design of the trypsin label free phosphorescence assay is illustrated in Scheme 1. Mn-ZnS QDs initially exhibited high phosphorescence emission at 598 nm in phosphate buffer solution. Upon addition of Cyt c, the phosphorescence of MnZnS was quenched because the interaction between Mn-ZnS and Cyt c. 22, 24 In the presence of trypsin, Cyt c will be hydrolyzed to peptide fragment and the electron transfer is terminated and the phosphorescence of the system will be restored. Based on this mechanism, a simple and label-free phosphorescence turn-on sensing platform for trypsin detection is therefore proposed. To test the feasibility of the proposed strategy, we investigated the phosphorescence of Mn-ZnS QDs in the absence and presence of Cyt c before and aer trypsin is added. As presented in Fig. 1 , Mn-ZnS QDs emit strong phosphorescence (Fig. 1, line a) , which can be quenched by Cyt c Scheme 1 Schematic representation of the sensing procedure for trypsin based on the phosphorescence changes. ( Fig. 1, line c) . Aer addition of trypsin, as we expected, the phosphorescence was restored (Fig. 1, line b) . It was clear that our proposed method can be applied for the trypsin detection.
Optimization of experimental conditions
Experimental conditions including pH effect, Cyt c concentration, incubation time and temperature were optimized in order to achieve the highest sensitivity. Firstly, considering the isoelectric point of Cyt c is 10.0-10.5 (ref. 25) and different pH will have an important effect on the activity of trypsin and the interaction between Cyt c and Mn-ZnS QDs, we investigated pH effect on the detection of trypsin in the range of 6.0-10.5. As shown in Fig. 2a , the phosphorescence of Mn-ZnS QDs was quenched by Cyt c, and the quenching extent obtained the maximum at pH 8.0. While addition of trypsin, the quenched phosphorescence went back and reached a plateau at pH 8.0. So pH 8.0 was chosen as the optimal pH condition for the further experiments. Enzymatic reaction is close tied to the digestion time and temperature. As such, the kinetics of the protease enzymatic reaction was examined. Fig. 2b exhibited trypsin digestion reaction kinetics at different temperature. It was clear that the phosphorescence recovery was observed when Cyt c was hydrolyzed by trypsin and the electron transfer was terminated. With the addition of trypsin, the phosphorescence of the system at 598 nm increased with the enzymatic reaction and the digestion reaction reached equilibrium in 70 min at all different temperature. And the higher the temperature was, the faster phosphorescence recovery caused. The results clearly suggest that the substrate Cyt c was gradually digested. Considering the activity of trypsin and practicability of the presented assay, 40 C was chosen as the digestion temperature and 40 min as the digestion time. Finally, the concentration of Cyt c effect on the detection of trypsin was explored. As we can see from Fig. 2c , Mn-ZnS QDs exhibited strong phosphorescence in 100 mM phosphate buffer solution. With the addition of Cyt c, the phosphorescence of Mn-ZnS QDs gradually decreased, because of the electron transfer between Mn-ZnS QDs and Cyt c. 22, 24 Cyt c is entrapped into the mitochondrial membrane, with heme as the cofactor. As a well-known electron-transfer protein, it has been identied as electron-transfer quencher for QDs. 22, 24 Cyt c-induced quenching can also be ascribed to the heme cofactor. 22 When 200 nM Cyt c was added, a quenching efficiency of 65% was obtained (Fig. 2d) . Further increase of the Cyt c concentration to 400 nM caused unobvious decrease of the phosphorescence signal of the system. Then a little decrease of phosphorescence (about 8%) was observed when the concentration of Cyt c increased from 400 nM to 700 nM, suggesting that the higher concentration of Cyt c would cause a decrease of phosphorescence responses because of the impact of free Cyt c. As such, 300 nM Cyt c was therefore used for the following protease detection.
Detection for trypsin
Under the optimal experimental condition, Mn-ZnS QDs/Cyt c system for the trypsin activity assay was performed. Fig. 3 depicts the change in phosphorescence spectra of Mn-ZnS QDs/ Cyt c in the presence of trypsin. The phosphorescence of the system increases as trypsin increases. This attributed to catalysis of trypsin to Cyt c. When trypsin is in the presence of the system, Cyt c was digested to small peptide fragments and the electron transfer between Mn-ZnS QDs and Cyt c was terminated and the phosphorescence of the system restored. The phosphorescence of the system recovered to 66.5% of the original when trypsin concentration was at 4.0 mg mL À1 , and it increased to 93.8% when the concentration of trypsin increased to 15.0 mg mL À1 . However, it should be noted that it cannot be restored to its original intensity, which may derive from the cysteine of Cyt c. It was reported that two cysteine residues bind to the heme group by C-S bond in Cyt c molecule, and Cyt c was digested into small pieces when adding trypsin in the system, and then amino acid residues was released, which caused to the quenching of the phosphorescence of the system.
26
Then we obtained the phosphorescence intensity response as a function of trypsin and the results were displayed in Fig. 3B . As shown in Fig. 3B interference on the detection, suggesting our proposed assay exhibited an excellent specicity for trypsin.
Application of the assay in biological assay
In order to evaluate the suitability of this assay for detection of trypsin in biological sample, the fabricated sensing platform was further applied to the trypsin assay in real blood serum samples and the results were summarized in Table 2 . It could be seen that the content of trypsin as determined by our proposed sensing assay was in good with the standard addition in human serum samples with the relative error less than 5.0%. A comparison between the proposed method and other reported methods for trypsin determination were summarized in Table  3 . It could be seen that this method was comparable to the previously reported results.
Conclusions
In a word, a label free "off-on" phosphorescence sensing platform has been developed for trypsin detection using Mn-ZnS QDs as the phosphorescence probe. The phosphorescence of Mn-ZnS QDs can be quenched by Cyt c based on the electron transfer between Mn-ZnS QDs and Cyt c, which can be broken down by trypsin. The presented assay can be used to detect trypsin in a range of 0.88-15.6 mg mL À1 with a detection limit of 42 ng mL À1 , which was comparable to the previous works.
Moreover, the synthetic route for the phosphorescence probe is simple and the reagents are easily acquiring. Therefore, the proposed method was potential in detection of trypsin, which is of great importance in pancreatitis diagnosis and therapies.
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